Introduction
Drilling operation is a complex activity and it is subject to a variety of hazards, some of which are location and activity dependent. Thus, the drilling risk management should be commensurate with the site, water depth, available information and complexity of the situation. As the drilling commences, new information becomes available and some predicted hazards may still pose risk, while others may not. New hazardous situations may be encountered or identified, and the characteristics of those already identified could change. Thus, the risk management should be carried out periodically at all stages of the project; i.e. before, during and after drilling. There are usually more than six hazard categories that influence the risk; also there may be several paths through them a hazard could threaten the operation. The main hazards are grouped under the distinctive headings, such as: Geohazards; Equipment & Material; Human Elements; Local environment; Human-Machine Interface; Design issues; Technology and Operation; Organizational elements; Maintenance & Integrity; Externalities and so on. In some situations the age of the equipment and procedures may also require special attention. The above categories are not exhaustive. This paper proposes a framework, which starts with organizing hazards into a tree-like structure, consisting of three or more layers. The first level is the goal and the second level is all primary hazard categories. The identification of primary hazard groups is mainly based on engineering judgment, brain storming, QRA, reports and available data (accident databases). In the third level, each category is then broken down into several sub-categories. Each sub-category can be in turn broken into sub-subcategories and so on (see Figure 2 ). Hazards are placed in this hierarchical structure as they are identified, and it is organized by source (category), consequently, the total risk exposure can be better visualized, and the risk mitigation plans are more easily implemented. This process produces a catalogue of all possible hazards, termed Risk Influencing Factors (RIFs), which must be filtered, since there is no need to take forward hazards of lesser importance for more detail study.
Hazard Structuring
Hazard identification, or scenario building, is the first step in determining hazards affecting an activity. 
Where, is the scenario and is the likelihood of scenario . Risk is defined as a function of these triplets, i.e.
= {〈 , , 〉}
This equation is generally simplified as
Where, is the consequence of scenario The set of triplets should be complete, namely it should include every possible scenarios, or at least those which are important. In fact, it is not obvious how even near completeness can be achieved [2] . Moreover, the set of scenarios must not overlap. This method generates a comprehensive list of all sources of hazards, i.e., categories of risks, in the order of dozens of entries. Consequently, there is a need to discriminate among these sources. Tables 1 and 2 show a catalogue of hazards which might influence a drilling activity. The heading indicates that all hazards that might impact the drilling are identified during the hazard identification process. The sub-headings are attributes of each heading which facilitates the judgment process. Of course each subcategory can be in turn broken into sub-sub-categories and so on. Tables 1 and 2 contain major risk influencing factors reported in the literature. These tables show a twolevel risk break down structure. More remote or obscure hazards may not be identified and hence making the set of scenario incomplete. It can be seen that there are numerous Risk Influencing Factors (RIFs) which could influence a drilling operation, and there is a certain probability that only a number of RIFs to affect a given operation. How strongly a RIF influences the risk is described by its weight relative to other RIFs. The system has redundant means of detecting and arresting a hazard before a harm could occur.
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Is this hazard controllable
There are controls by which it is possible to take action or make an adjustment to prevent harm.
Is there multiple paths to failure
There are multiple and possibly unknown ways for events to cause harm, e.g. by circumventing safety controls.
Is the effect irreversibility
The system cannot be returned to the normal condition once the adverse event occurred.
Is the event duration of long enough to cause harm
Prolonged events with adverse consequence
Would the event trigger a cascading events
The event can trigger a cascading events which easily and rapidly propagate which cannot be contained Does the event originate from external sources?
Risk due to external interferences with little or no control over them.
Can the system take more wear and tear
Would further degradation lead to degraded performance or accident Does the machine-human interface aggravate the problem Interfaces among diverse subsystems (e.g., human, software and hardware) causing adverse events Do we understand the complexity?
Too many complexity create a potential for system level behaviours that are not anticipated from a knowledge of components and the laws governing their interactions Is technology qualified for the task?
Immature or inappropriate technology or other lack of concept qualification This risk influencing structure can be viewed as a means leading to a set of actions or behaviour that are required of the system in order to succeed in functioning safely; conversely, each risk factor defines a scenarios in which the system fails to deliver in one or more ways. The union of all risk scenarios should then be complete. This completeness is a very desirable feature. However, the intersection of two of our risk scenario sets, corresponding to two different heading, may not be empty. The method allows the set of subsets to be overlapping. Thus, by a filtering process overlapping hazards must be rationalised.
Risk Filtering
Filtering is performed at the sub-category level, to eliminate overlapping and less relevant RIFs. RIFs are filtered according to their perceived levels of likelihood and consequences. Filtering is achieved on the bases of expert experience and knowledge, as well as function, and operation of the drilling system being assessed. This activity often substantially reduces the number of RIFs. In this, the joint contributions of two different types of information-the likelihood of what can go wrong and the associated consequences-are estimated on the basis of the available evidence and engineering judgment. The evidence for taking forward a hazard for detailed studies, can be determined by answering questions noted in Table 3 .
Risk matrix is a useful tool for visualising risk. This type of tool is commonly used with the assistance of experts. Since risk is defined as triplet then its likelihood and consequence must be judged. Commonly, 5x5 Matrix is used, but the 8x8 matrix ( Figure 1 ) provided a better resolution. Figure 1 defines eight scales and their linguistic description. Each risk scenario is characterized using qualitative assessment of both consequence and likelihood. In risk matrix, the likelihoods and consequences are combined into a joint concept called "severity" [2] . The group of cells in the upper right indicates the highest level of severity. The mapping is achieved by first estimating the likelihood of a hazard then judging its consequence, and finally determining which cell it belongs to. The cells position determines the relative levels of severity. In quantitative risk assessment, risk is defined as the product of likelihood of a hazards and its impact should it happen [2] . The multiplication method could yield the same numerical value for a high consequence but low likelihood event to be the same as high likelihood but low consequence event. This is a misleading picture, though both events are damaging, the high consequence event can wipe out an organisation. The problem is more pronounced for event in the middle of the risk matrix. Thus, cells in Figure 1are numbered to indicate their position importance. This importance numbering gives more emphasis to the middle range, compared with the multiplication approach. Each RIF from the catalogue is placed into a cell, according to its perceived likelihood and impact, to represents a failure scenarios. Each scenario has its own combination of likelihood and consequence. These hazards can also be filtered based on scope, spatial & temporal domain considerations. Since we are considering the safety at the planning stage, we start by presenting an initial set of relevant hazards which could be validated by all stakeholders. RIFs falling in the low-severity boxes are filtered out and set aside for later consideration. The completed matrix shows which events are the major risk drivers. 
Risk Ranking
The boundaries of the different levels of risks are not symmetrical, because a catastrophic event, irrespective of its probability, could cause very large loss. The risk matrix doesn't provide a numerical relative importance of each rating, so the tool divides the risks into groups, but does not say anything about the ranking within each grouping. Thus, after filtering of minor hazards, the remaining hazards must be ranked to determine their relative strength. This enables to prioritise expenditure for avoiding, controlling and mitigating impact of hazard if they were to occur. There are two types of comparisons: absolute and relative. In absolute comparisons, two hazards are compared with a standard or a baseline which exists in one's mind and has been formed through experience. In relative comparisons, hazards are compared in pairs according to a common attribute. Saaty, [8] and [9], proposed a pairwise comparison for determining the relative importance of two criteria known as analytic hierarchy process (AHP). The input to AHP models is the experts' answers to a series of questions of the general form, e.g. 'How important is Category 'C1' relative to Category 'C2'?' These are termed 'pairwise comparisons' [8] . Within AHP, questions of this type may be used to establish, both weights for categories and importance scores for different categories, using a suitable scale (see [8] or [10] ). Very often qualitative data cannot be known in terms of absolute values. AHP allows the integration of both, quantitative and qualitative criteria [9] .
It is difficult to be completely consistent because of the complexity and diversity of subjective judgment. The AHP does not require that judgments to be totally consistent. But, priorities make sense only if derived from consistent or near consistent matrices, and hence consistency check must be applied. Saaty 
Case Study
The ranking process is illustrated using an example case, which is a drilling operation in a seismically active area. In a hazard filtering process, it was determined that the categories C1 to C7 (Table 1) have the largest direct effect on the risk, which are as listed in the first column of Table 3 . The rest of hazards listed in (Tables 2) are considered either not to apply or to be of no importance and hence were filtered out. Figure 2 shows the content of Table 3 in its hierarchal format. In consultation with the industry experts seven pairwise comparison matrices were developed to determine the categories and sub-categories weights. The weights for all the pairwise comparison matrices were computed using a spreadsheet. By aggregating the hierarchy, the preferential weight of each criterion is found. A consistency check is then performed. If the comparisons are not reasonably consistent, then this check provides a mechanism for improving consistency by going back to the pairwise comparison. Aggregating opinion of more than one expert, in principle, would enhance the decision making process [6] and [7] . Figure 3 shows the pairwise comparison of the primary categories (the second layer). Each column is summed up first, and then each element is divided by the sum of its column. The weight is then averaged of each row. The pairwise comparison matrices for subcategories are not shown here, but the results are given in the column 4 of Table 4 . Table 4 summarizes these results. The second column gives the ranking of the top level categories as calculated in Figure 4 . The fourth column give the ranking of all hazards within each category. The last column is the multiplication of the second and the fourth columns. These results are plotted in Figures 4 
Risk Management
The hazard control is based on the concept of safety barriers. The safety barrier approach in turn is based on two models, the Swiss cheese accident model and the bow tie method. For this, imagine a row of Swiss cheese slices, (Figure 6 ), in which each slice is a barrier and the hole represents a weakness in the barriers that may fail to prevent an accident. If the holes line up, which may occur when multiple robust barriers are not in place or they are properly functioning, accidents can occur. This simple model is surprisingly a useful tool -the more barriers, i.e. more Swiss cheese slices, the safer the facility, and the smaller the holes, the smaller is the weaknesses of the barrier. Barrier management is an effective tool to connect facility operations with HSE cases, design features and regulatory requirements in an integrated fashion. The tool that captures the Swiss cheese concept and carries it further is the Bow Tie Diagram (Figure 7 ). For each "Top Event", such as a major leak, blowout, or explosion, , and all of other threats, e.g. equipment malfunctions or failure to follow operating procedures are shown on the left, while the effects, such as injuries, asset or environmental damage are shown on the right. The prevention barriers are then between the threats and the top event, while the mitigation barriers are between the top event and the outcome. The bow tie risk model can address hardware, administrative and procedural controls, either on the main pathways as shown in the simplified diagram of Figure 6 , or on separate branches [5] . The bow tie is a simplified representation of a fault tree diagram where each barrier is an AND gate with two inputs -a demand AND barrier fails. An escalation branch is just building out the barrier fails arm from an undeveloped event to one that is developed -showing the means in place to maintain that barrier. A requirement of fault trees and thus of bow ties is an assumption of barrier independence. Human intervention can cause degradation of many barriers if their intention is to reduce time or resources from what was originally planned. A system with multiple barriers can in fact has fewer if resources are not devoted to maintaining them. The bow tie, like the fault tree, is poor at capturing these overarching influences, but they important to overall system safety and a systems process is important [3] . There are three levels of well control: primary, secondary and tertiary. Primary refers to control during the drilling phase with mud weight. Secondary refers to well control with a blowout preventer, and tertiary refers to a worst-case scenario -a blowout. Conventional well-control strategies include casing, fluid programs, and other barriers to well control incidents in the well design and BOP, and other mitigation procedures that help minimize the impact of an incident should one occur. The primary barrier is the hydrostatic pressure of mud which is larger than of the pore pressure. In underbalance drilling, this barrier must be adjusted. In this case it is composed of the drilling fluid column and a separate back pressure choke.
The secondary barrier is the envelope consisting of the blowout preventer, the casing, the exposed wellbore below the casing shoe and the drill string. If the primary barrier is failed, this barrier is closed.
Conclusions
The purpose of risk analysis is to obtain robust design. Risk analysis identifies all factors which influences a design. Measuring risks is essential to reduce exposure, and it can be used for other purposes such as upgrading an existing drilling rig for life extension, change of use, reducing corporate risk exposure or measuring cost effectiveness of expenditures. The proposed approach is an effective tool for such purposes. We used the risk matrix to filter out less important hazards and AHP to rank the remaining hazards by eliciting opinion of several experts [4] . Opinions of several experts can be aggregated after going through the process described above and then averaging the calculated ranks. Such averaging may be done before processing the data. Using fuzzy mathematics was also proposed for aggregation in the literature, but their value is uncertain as AHP itself is dealing with fuzzy situation and it is doubtful if further complication would add value. There are other methods for aggregation [6] which involve more calculations.
The AHP is a versatile decision aid which can handle problems involving both multiple objectives and uncertainty. It is popular with many decision makers who find the questions it poses easy to answer. It should, however, not be forgotten that the purpose of any decision aid is to provide insights and understanding, rather than to prescribe a "correct" solution. Often the process of attempting to structure the problem is more useful in achieving these aims than the numeric output of the model. 
